Arabidopsis vacuolar membrane-enriched vesicles. We also demonstrate that vesicles isolated from yeast expressing the ABC protein AtABCC2 are capable of MgATP-dependent uptake of C3G and other anthocyanins. The uptake of C3G by AtABCC2 depended on the co-transport of glutathione (GSH). C3G was not altered during transport and a GSH conjugate was not formed. Vesicles from yeast expressing AtABCC2 also transported flavone and flavonol glucosides. We performed ligand docking studies to a homology model of AtABCC2 and probed the putative binding sites of C3G and GSH through sitedirected mutagenesis and functional studies. These studies identified residues important for substrate recognition and transport activity in AtABCC2, and suggest that C3G and GSH bind closely, mutually enhancing each other's binding. In conclusion, we suggest that AtABCC2 along with possibly other ABCC proteins are involved in the vacuolar transport of anthocyanins and other flavonoids in the vegetative tissue of Arabidopsis.
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of glycosylated phenolic compounds. These include H + -antiport and uptake by ATP-binding cassette (ABC) transporters 13, 14 .
The multidrug and toxic compound extrusion (MATE) transporters appear to be the H + -antiporters involved in the vacuolar transport of flavonoids. There are 58 MATE transporters encoded in the genome of Arabidopsis. However, very few of these have been functionally characterized 15 . The involvement of MATE transporters in the vacuolar uptake of flavonoids was first determined through the characterization of TRANSPARENT TESTA12 (TT12). TT12 is a MATE transporter localized to the vacuolar membrane and mechanistically active as a flavonoid glucoside/H + -antiporter in PA synthesizing cells of the seed coat 16, 17 . The role of MATE proteins in the vacuolar accumulation of PA precursors or anthocyanins has also been demonstrated in Medicago truncatula 6, 18 , tomato 19 and grapevine 20 . TT12, MtMATE1 and MtMATE2, have all been shown to transport cyanidin 3-O-glucoside (C3G; Fig. 1 ) when heterologously expressed in yeast 6, 17, 18 .
The plant vacuolar membrane also contains ABC transporters that move large organic anions into the vacuole [21] [22] [23] . ABC transporters are directly energized by ATP hydrolysis and therefore do not depend on the transmembrane H + -electrochemical gradient. ABC transporters are characteristically inhibited by vanadate, a phosphoryl transition-state analogue. There are several lines of evidence that ABC transporters are involved in the vacuolar uptake of flavonoids, specifically, the ABCC subclass (previously known as multidrug resistance-associated proteins [MRP] ). The vacuolar uptake of flavone glucuronide conjugates by rye mesophyll vacuoles and the uptake of a flavone glucoside by Arabidopsis vacuoles were shown to occur through an ABC transporter-type mechanism 13, 24 . However, in both cases, a specific transporter was not identified and in the case of Arabidopsis, the flavone glucosides examined were not synthesized by this species. Genetic studies in maize provided evidence that ZmABCC3 (formerly ZmMRP3) was involved in the vacuolar uptake of C3G 25 . ZmABCC4 (formerly ZmMRP4), a homolog of ZmABCC3, was thought to be responsible for the vacuolar localization of anthocyanins in the aleurone 25 . However, it has never been demonstrated that ZmABCC3 or ZmABCC4 can functionally transport C3G in vitro. More recently, it has been shown that the ABC transporter VvABCC1, is localized to the tonoplast of grape berry exocarp cells and is biochemically capable of co-transporting anthocyanidin 3-O-glucosides and GSH when heterologously expressed in yeast 26 . The co-transport of GSH with bile acids, vincristine, and other drugs by a human ABCC transporter has also been previously demonstrated [27] [28] [29] .
Though it is well known that TT12 is a MATE transporter responsible for the transport of flavonoids into the seed coat endothelium of Arabidopsis seeds 16, 17 , and that TT12 can also transport anthocyanins when heterologously expressed in yeast 6, 17 , the transporter(s) involved in vacuolar sequestration of anthocyanins in the vegetative tissue of Arabidopsis has not been determined. This is critical since Arabidopsis can form a variety of modified cyanidin-type anthocyanins that are not found in seeds, but are found in other tissues and organs including stems and leaves 30 . In this study, using C3G as a model substrate, we demonstrate that anthocyanin uptake by vacuolar membrane-enriched vesicles isolated from Arabidopsis cell cultures occurs through both an ABC transporter and an H + -antiporter mechanism. Given the finding that VvABCC1 can serve as an anthocyanin/GSH co-transporter 26 and that the ABC-transporters are generally better characterized in Arabidopsis than MATE transporters, we decided to examine which specific AtABCC transporter is involved in the vacuolar uptake of C3G. The two best characterized AtABCC transporters include AtABCC1 and AtABCC2 and both can be functionally expressed in yeast [31] [32] [33] . Both have been shown to transport a variety of substrates and are expressed in all Arabidopsis tissue examined 32 including cell suspension cultures (Bio-Analytic Resource, ePlant Gene Expression Tool, www.bar.utoronto.ca). From in vitro C3G uptake assays with membrane vesicles isolated from yeast expressing AtABCC2, we demonstrated that, like VvABCC1 26 , AtABCC2 was a C3G/GSH co-transporter and transport did not depend on the formation of an anthocyanin-glutathione conjugate. We also showed that, in addition to anthocyanins, AtABCC2 could transport flavone and flavonol glucosides. Besides the biochemical studies, we also performed ligand docking to a homology model of AtABCC2 and investigated the putative binding sites of C3G and GSH through site-directed mutagenesis and functional studies. These studies revealed the close proximity of the C3G and GSH binding sites in AtABCC2 and identified residues important for ligand recognition and transport activity.
Results

C3G transport by vacuolar membrane-enriched vesicles from Arabidopsis thaliana. Previously
it has been shown that transport competent vacuolar membrane-enriched vesicles can be isolated from Arabidopsis cell cultures and fractionated on discontinuous sucrose density gradients 14, 34, 35 . The vacuolar membrane enriched vesicles are collected from the interface between the 10% and 23% (10/23) sucrose gradients while the plasma membrane-enriched vesicles are collected at the interface between the 34% and the 40% (34/40) sucrose gradients 14, 36 . A 23/34% fraction is typically added between the 10/23% and the 34/40% sucrose gradients 14, 36 . Examination of C3G uptake activity in each of these fractions showed that the vesicles isolated from the 10/23% interfaced had the highest ATP-dependent uptake of C3G ( Fig. 2a ). This increase in uptake activity correlated with the vacuolar membrane enrichment as demonstrated by the increase in the immunodetection of the V-ATPase (vacuolar membrane marker; Fig. 2b ). The immunodetection of H + -ATPase (plasma membrane marker) was low in the 10/23% fraction and high in the 23/34% and 34/40% fractions, while that of BiP (ER membrane marker) was unchanged across the three collected fractions ( Fig. 2b) . Therefore, MgATP-dependent C3G uptake activity was associated with the vacuolar membrane-enriched fraction from Arabidopsis cell cultures and this fraction was used in subsequent experiments. There are generally two solvents that have been used to wash anthocyanins off of filters for HPLC analysis following transport assays. The first involves 50% methanol 6 and the second involves 50% methanol/1% HCl 26 . To test the difference, we added a known amount of C3G in our assay media to the filters and washed the filters with either 50% methanol or 50% methanol/1% HCl. The samples were then analyzed by HPLC. Filters washed with 50% methanol as used in our study resulted in 83% recovery following HPLC analysis and filters washed with 50% methanol/1% HCl resulted in 82% recovery following HPLC analysis. These high recovery rates are virtually identical. In addition, we incubated C3G in either 50% methanol or 50% methanol/1% HCl at the concentrations used in our study and looked for degradation. However, the amounts recovered following HPLC were identical regardless of the incubation solution. In addition, the variation observed with our replicates was not correlated with the storage time (two days or less) of the filter extracts and we never observed any evidence of degradation during storage of the filter extracts.
In the presence of MgATP, the uptake of C3G into Arabidopsis vacuolar membrane-enriched vesicles increased with time up to 40 min ( Fig. 3a ). In the absence of MgATP, the uptake of C3G was nearly undetectable and did not increase over time (Fig. 3a) . The standard reaction time used for all subsequent C3G uptake assays with Arabidopsis vacuolar membrane-enriched vesicles was 15 min.
Figure 2.
Uptake of C3G by Arabidopsis membrane vesicle fractions from discontinuous sucrose gradients. C3G uptake in the presence or absence of MgATP was determined in membrane vesicles collected from the interface between the indicated sucrose concentrations (a). Values shown are the means of three replicates ± SD. The enrichment of various membrane vesicles in each fraction was determined through western blots (b) using primary antibodies against the H + -ATPase (plasma membrane marker, PM), BiP luminal-binding protein (endoplasmic reticulum marker, ER), and the V-ATPase (vacuolar marker). Numbers under each blot represent relative pixel intensities of the bands in a row. The full-length blots are shown in Supplementary Fig. S3 .
The HPLC retention time of C3G before addition to the uptake assay media (C3G standard) was 11.8 min ( Fig. 3b ). Following the uptake assays, the C3G that was washed off of the filters eluted as a single peak with the same HPLC retention time as the C3G standard (Fig. 3b ). The retention time of C3G was the same regardless of whether or not the assay included MgATP (Fig. 3b ). Therefore, C3G remained unaltered following uptake into the Arabidopsis vacuolar membrane-enriched vesicles.
Since the presence of MgATP resulted in an increase in the uptake of C3G by Arabidopsis vacuolar membrane-enriched vesicles, the next goal was to determine the mechanism of this uptake. Directly energized MgATP dependent uptake would likely involve an ABC transporter-type mechanism. Vanadate is a phosphoryl transition-state analog known to be a strong inhibitor of proteins that form a phosphoenzyme intermediate, including ABC transporters. Glybenclamide is a sulfonylurea derivative that effectively inhibits ABC transporters, especially subclass C (ABCC) transporters 37 . GSH is known to stimulate the ABCC transporter-mediated uptake of some organic compounds [27] [28] [29] . Indirectly energized MgATP dependent uptake would likely involve an antiporter that couples the movement of the substrate with that of a proton. A proton gradient would be formed in the presence of MgATP by the tonoplast localized V-type H + -ATPase. Bafilomycin A 1 is a specific inhibitor of V-type H + -ATPases 38 and gramicidin D is a cation-selective ionophore that would disrupt the pH gradient that would otherwise be formed in the presence of MgATP. The ABC transporter inhibitors vanadate (1 mM) and glybenclamide (150 µM) resulted in strong inhibition of C3G uptake (78.5% and 89% inhibition, respectively; Fig. 3c ). Bafilomycin A 1 (0.4 µM) and gramicidin D (5 µM) also resulted in strong inhibition of C3G uptake (95% and 83% inhibition, respectively; Fig. 3c ). The presence of GSH (5 mM) had no effect on C3G uptake (Fig. 3c ).
In Arabidopsis vacuolar membrane-enriched vesicles, the MgATP-dependent uptake of C3G exhibited Michaelis-Menten-type saturation kinetics with C3G concentration with apparent K m and V max values of 0.55 mM and 1.5 nmol min −1 mg −1 , respectively ( Fig. 3d ). ; 1 mM) were dissolved in water. Bafilomycin A 1 (BafA1; 0.4 μM), glybenclamide (Glyb; 150 µM), and gramicidin D (GramD; 5 µM) were dissolved in DMSO. All assay mixtures contained equivalent amounts of DMSO. The C3G uptake in the presence of 3 mM MgATP (173 pmol min −1 mg −1 ) was used as the control value and set at 100%. Other values were normalized to the control value and are the means of three replicates ± SD. Asterisks indicate a statistically significant decrease from the control value. **P < 0.01. (d) Effect of C3G concentration on uptake into Arabidopsis vacuolar membrane-enriched vesicles. Uptake rates in the presence of 3 mM MgATP at each C3G concentration were corrected for uptake rates during assays performed in the absence of MgATP. Values shown are the means of three replicates ± SD. Apparent K m and V max values were calculated as 0.55 mM and 1.5 nmol min −1 mg −1 , respectively. C3G transport by AtABCC2. In light of the recent finding that an ABCC transporter from grapevine (VvABCC1) is capable of C3G and GSH co-transport 26 , we examined the possibility that one of the known vacuolar membrane localized AtABCC transporters would also be capable of C3G and GSH co-transport. The two best characterized AtABCC transporters in Arabidopsis are AtABCC1 and AtABCC2 [31] [32] [33] . In the absence of MgATP, yeast transformed with pYES3, pYES-AtABCC1, or pYES3-AtABCC2 had minimal C3G uptake activity, which increased slightly in the presence of MgATP (Fig. 4) . The most dramatic increase in C3G uptake was observed in the presence of both MgATP and GSH with vesicles isolated from the pYES3-AtABCC2 transformed yeast. This uptake activity was 4.6-fold greater than that in the presence of MgATP alone and 6.3-fold higher than the C3G uptake activity in the presence of MgATP and GSH observed with membrane vesicles isolated from pYES3 transformed yeast. Comparable increases in C3G uptake activity were not observed for membrane vesicles isolated from yeast transformed with pYES3-AtABCC1. In addition, the uptake of cyanidin (aglycone) in the presence or absence of MgATP or GSH by membrane vesicles isolated from yeast expressing AtABCC2 was undetectable.
In the presence of MgATP and GSH, the uptake of C3G into yeast vesicles expressing AtABCC2 increased with time up to 20 min ( Fig. 5a ). Unless otherwise indicated, all other assays using yeast vesicles containing heterologously expressed AtABCC2 were conducted for 15 min in the presence of both MgATP and GSH.
Following the uptake assays with membrane vesicles isolated from yeast expressing AtABCC2, the C3G that was washed off of the filters eluted as a single peak with the same HPLC retention time as the C3G standard ( Fig. 5b ). The retention time of C3G was the same regardless of whether or not the assay included MgATP or GSH ( Fig. 5b ). Therefore, as with the assays conducted with Arabidopsis vacuolar membrane-enriched vesicles, the C3G remained unaltered following transport and there was no evidence of the formation of a C3G-glutathione conjugate even in uptake assays that included GSH.
In order to determine the mechanism of C3G uptake into the yeast vesicles expressing AtABCC2, we examined the uptake in the presence of various transport inhibitors. C3G uptake was completely abolished in the presence of vanadate (1 mM) and strongly inhibited (55% inhibition) by glybenclamide (150 µM), two known inhibitors of ABCC transporters (Fig. 5c ). The nonhydrolyzable analog of ATP, adenosine 5′-β,γ-imino)triphosphate (AMP-PNP), could not substitute for ATP in the transport assays indicating that ATP hydrolysis is required for transport ( Fig. 5c ). The V-type H + -ATPase inhibitor, bafilomycin A 1 (0.4 µM) or the cation-selective ionophore, gramicidin D (5 µM) had no effect on C3G uptake ( Fig. 5c ). Therefore, transport was not dependent on the formation of an H + gradient. The pattern of inhibition observed is consistent with C3G transport by AtABCC2 occurring through an ABC-transporter-mediated mechanism.
The MgATP-dependent uptake of C3G into yeast vesicles expressing AtABCC2 exhibited Michaelis-Menten-type saturation kinetics with C3G concentration with apparent K m and V max values of 1.6 mM and 1.1 nmol min −1 mg −1 , respectively ( Fig. 5d ).
Substrate specificity of AtABCC2.
To determine the substrate specificity of AtABCC2, we isolated membrane vesicles from yeast expressing AtABCC2 and conducted uptake assays in the presence of four anthocyanins (C3G, M3G, D3G, and P3G), a flavanone glucoside (N7G), two flavone glucosides (L7G and A7G), and two flavonol glucosides (K3G and Q3G; Fig. 1 ). A significant increase in the uptake activity above that observed for control assays (vesicles from yeast transformed with empty vector) was observed for all substrates tested except N7G (Fig. 6 ). The greatest relative increase above the control values was observed for all four anthocyanins; with M3G exhibiting the greatest fold increase. However, the greatest overall uptake activity was observed for L7G. Therefore, it appears that AtABCC2 can transport all of the anthocyanins tested and a variety of other flavonoid glucosides.
L7G transport by AtABCC2. Since a high AtABCC2-mediated uptake activity in the presence of MgATP and GSH was observed with L7G ( Fig. 6 ), we investigated the effects of MgATP and GSH on L7G transport by vesicles isolated from yeast expressing AtABCC2. Compared to the control, the addition of MgATP significantly increased L7G uptake (Fig. 7a ). The addition of both MgATP and GSH further increased the L7G uptake of vesicles isolated from yeast expressing AtABCC2, but no further increase was seen for membrane vesicles isolated from the control. The addition of MgATP and GSH increased the uptake activity of vesicles from yeast expressing AtABCC2 about 2-fold compared to the addition of MgATP alone and 4.7-fold compared to the uptake observed in the absence of MgATP (Fig. 7a ). Following the uptake assays with membrane vesicles isolated from yeast expressing AtABCC2, the L7G that was washed off of the filters eluted as a single peak with the same HPLC retention time as the L7G standard (Fig. 7b ). The retention time of L7G was the same regardless of whether or not the assay included MgATP or GSH (Fig. 7b ). Therefore, L7G, like C3G, remained unaltered following transport. ; 1 mM) were dissolved in water. Glybenclamide (Glyb; 150 µM), bafilomycin A 1 (BafA1; 0.4 μM), and gramicidin D (GramD; 5 µM) were dissolved in DMSO. The C3G uptake in the presence of 3 mM MgATP (100.5 pmol min −1 mg -1 ) was used as the control value and set at 100%. Other values were normalized to the control value and are the means of three replicates ± SD. Asterisks indicate a statistically significant decrease from the control value. **P < 0.01. (d) Effect of C3G concentration on uptake by membrane vesicles isolated from yeast strain DTY168 transformed with pYES3-AtABCC2. Gramicidin D (5 µM) and GSH (5 mM) were included in all assays. Uptake rates in the presence of 3 mM MgATP at each C3G concentration were corrected for uptake rates during assays performed in the absence of MgATP. Values shown are the means of three replicates ± SD. Apparent K m and V max values were calculated as 1.6 mM and 1.1 nmol min −1 mg −1 , respectively. On the other hand, the AtABCC2 homology model based on PDB ID 5WUA showed two distinct binding sites for C3G and GSH with adequate physicochemical properties (Fig. 8) . The binding site for C3G was found in the same location in the AtABCC2 homology model based on PDB ID 5UAK, whereas the GSH binding site overlapped with the C3G site in the latter homology model. Overlapped binding sites for C3G and GSH would suggest competition between these ligands and are incompatible with the functional data that shows that GSH activates C3G uptake. Therefore, for the structural analysis we used the AtABCC2 homology model based on PDB ID 5WUA. To validate the identified C3G and GSH binding sites, we mutated residues that putatively interacted with these ligands and examined the activity of the mutants in vitro (Fig. 9 ). We distinguish three sites composed of residues that interact with: both C3G and GSH (site 1), only C3G (site 2), and only GSH (site 3). E357 is within hydrogen bond distance from both C3G and GSH and can also interact with R426, the other residue close to both C3G and GSH (Fig. 8c ). K309 and Y360 make hydrogen bond interactions with C3G, while E1148 and R567 interact with the glucosyl and cyanidin moieties of C3G. The mutants expressed well ( Fig. 9a ) and the measured transport activity was normalized based on the level of protein expression as indicated by western analysis (Fig. 9b-d ). All six mutants had impaired transport activity and GSH activation, compared to the wild-type protein ( Fig. 9d ). E357A (site 1) mutation abolished transport activity irrespective of MgATP or GSH addition. The next group of mutations with the most impact on transport activity (ranging between 17% and 26% of wild-type activity) were R426A (site 1), R567A (site 2), and Y360F (site 3; Fig. 9d ). The mutation with the lowest effect on transport activity was E1148A (retained 33% wild-type activity) despite two possible hydrogen bond interactions with the glucosyl group of C3G. Irrespective of whether the mutants were in the C3G or GSH binding site, they all showed significant reduction in GSH transport activation, at a level of 0-60% of wild-type ( Fig. 9f ). On the other hand, MgATP transport activation of the mutants (i.e. transport activity in the presence versus absence of MgATP) was not significantly affected (level of 30-95% of the wild-type, Fig. 9e ).
C3G promoted transport of [ 3 H]GSH by
Putative binding sites of L7G in AtABCC2. The Ligand docking of L7G to an AtABCC2 model based on
PDB ID 5WUA showed that the L7G binding site spans both the C3G and GSH binding sites identified above (See Supplementary Fig. S1 ). Thus, L7G and GSH cannot both bind to the active site simultaneously, consistent with the finding that AtABCC2 is not a flavone/GSH co-transporter.
Discussion
We demonstrate that the vacuolar membrane-enriched fraction from Arabidopsis cell cultures transports C3G in an MgATP-dependent manner. This transport was strongly inhibited by known inhibitors of ABC transporters and H + -antiporters, suggesting that both an ABC transporter and an H + -antiporter are involved in C3G transport. Surprisingly, in the presence of the ABC transporter inhibitors, the H + antiporter-mediated uptake did not compensate for the inhibition of the ABC transporter and vice versa. Both an ABC transporter and H + -antiporter were also thought to be involved in the uptake of abscisic acid glucosyl ester (ABA-GE) by Arabidopsis vacuoles 39 and salicylic acid 2-O-β-D-glucose by Arabidopsis vacuolar membrane-enriched vesicles 14 proteins interacting with and regulating other transporters [40] [41] [42] [43] [44] [45] [46] [47] . However, further research will be necessary to determine if there is an interaction between tonoplast localized ABCC transporters and H + -antiporters during the vacuolar sequestration of anthocyanins. Given that an ABC transporter appeared to be involved in the uptake of C3G by Arabidopsis vacuolar membrane-enriched vesicles, it was of interest to determine which specific ABC protein might be involved. The vacuolar membrane of Arabidopsis contains 10 ABC subclass C members (AtABCC1-8, 10 and 14) 48 and the AtABCC proteins are the predominate ABC transporters localized to the vacuolar membrane 49 . Within this group, AtABCC1 and 2 were the first plant ABCC transporters identified and are the best characterized in terms of their in vitro transport activity [31] [32] [33] 39, 50, 51 . Interestingly, both were also thought to be capable of transporting the glutathione conjugate of C3G (C3G-GS) 31, 32 . However, these results were questioned since other investigators 10 were unable to replicate the chemical formation of the [ 3 H]C3G-GS substrate. It was suggested that the severe chemical conditions (e.g. high pH, heat, long incubation time) used for the synthesis of [ 3 10 . In any case, C3G-GS was tested as a possible substrate for AtABCC1 and AtABCC2 following the discovery of the involvement of both GST enzymes (BZ2) and ABCC transporters (ZmABCC3 and 4) in the vacuolar sequestration of anthocyanins in corn 9, 25 . The closest ZmABCC3 homolog in Arabidopsis is AtABCC10 25, 26 . However, to the best of our knowledge, AtABCC10 has not been linked to anthocyanin transport in Arabidopsis and it has not been shown to transport anthocyanins in heterologous expression systems. More recently, it has been demonstrated that VvABCC1 is involved in the vacuolar accumulation of anthocyanins in grape berry 26 . The in vitro transport of anthocyanins was strictly dependent on GSH though no anthocyanin-GS conjugate was formed; rather, VvABCC1 was a co-transporter for both anthocyanins and GSH. The obvious involvement of ABCC transporters in the vacuolar sequestration of C3G and the finding that VvABCC1 was capable of anthocyanin and GSH co-transport, prompted us to reexamine the ability of AtABCC1 and 2 to transport C3G. As with VvABCC1, we were able to demonstrate that AtABCC2, but not AtABCC1, could transport C3G in a GSH dependent manner. During our in vitro assays, there was no chemical change in C3G following transport ruling out the formation of a C3G-GS conjugate. Rather, AtABCC2, like VvABCC1, was an anthocyanin/GSH co-transporter since C3G would promote the uptake of GSH and vice versa. This is the first demonstration that an ABCC transporter from the model organism Arabidopsis is capable of C3G/GSH co-transport. The MgATP-dependent transport of C3G by Arabidopsis vacuolar membrane-enriched vesicles exhibited Michaelis-Menton-type saturation kinetics (K m for C3G of 0.55 mM) as did the MgATP-dependent uptake of C3G in the presence of GSH by AtABCC2 expressed in yeast (K m for C3G of 1.6 mM). Our calculations (see Supplementary Information) indicate that the cyanidin-type anthocyanin concentration can reach 34 µM in cells of Arabidopsis leaves under typical soil-grown conditions and 0.38 mM in the cytosol of leaf cells experiencing stress conditions. This cytosolic concentration under stress conditions begins to approach the K m values for both AtABCC2 expressed in yeast and the vacuolar membrane-enriched vesicles. It should also be noted, that the cyanidin-type anthocyanins in Arabidopsis leaves are decorated with xylosyl, malonyl, coumaryl, and sinapoyl moieties 52 . These naturally occurring cyanidin-type anthocyanins are the more likely natural substrates of AtABCC2 and the other possible transporters in the vacuolar membrane and may be transported at a higher affinity than observed for the model substrate C3G. This may be similar to what was observed for MtMATE2, which had a kinetic preference for malonylated anthocyanins over the non-malonylated glycosides 18 .
H]C3G-GS from C3G and [ 3 H]GSH resulted in the formation of oxidized [ 3 H]GSH ([ 3 H]GSSG) rather than [ 3 H]C3G-GS
In addition to anthocyanins, MtMATE2 has also been shown to transport a variety of other flavonoids 18 . Therefore, we were interested in determining if this was also the case for AtABCC2. We demonstrated that AtABCC2 could transport all anthocyanins examined in the presence of MgATP and GSH. We did not observe any significant uptake of the aglycones. Therefore, at a minimum, glucosylation is a requirement for transport. In addition to anthocyanins, AtABCC2 had significant uptake capacity for flavones (L7G and A7G) and flavonols (K3G and Q3G), but not the flavonone N7G. When MtMATE2 was expressed in yeast it was capable of significant anthocyanin (C3G) transport as well as transport of flavone glucosides (A7G and L7G) and a flavanone glucoside (N7G). However, in vitro MtMATE2 did not transport flavonol glucosides. It is significant that AtABCC2 can transport flavonol glucosides, since in addition to cyanidin-type anthocyanins, quercetin and kaempferol-type flavonols are also prevalent in the vegetative tissue of Arabidopsis 30, [52] [53] [54] . The presence of two transporter types (ABCC and MATE transporters) in the vacuolar membrane of Arabidopsis may extend the range of the types of flavonoids that are transported into the vacuole. However, it remains to be determined if the H + -antiporter-mediated uptake of C3G by Arabidopsis vacuolar membrane-enriched vesicles involves a MATE transporter.
Given the relatively high uptake rate for L7G by AtABCC2, we decided to further explore the transport mechanism of this substrate. Even though L7G is not found in Arabidopsis 52 , it does have roles in other plants including alfalfa where it may be a nod-gene inducing compound in Rhizobia meliloti 55, 56 . Dietary Luteolin from plants has also been shown to function in animals as an anti-oxidant, anti-inflammatory, and anti-cancer agent 57 . In species that produce luteolin glucosides, ABCC transporters may be involved in the vacuolar sequestration and thus the regulation of the activity of this flavonoid. Interestingly, though ABCC2 appeared to be a cotransporter of C3G and GSH, this effect was not observed with L7G; while GSH enhanced L7G transport, L7G did not affect GSH transport. Ligand docking studies showed that the L7G binding site overlaps with the GSH and C3G binding sites, supporting the finding that AtABCC2 is not a L7G/GSH co-transporter. Regardless of the assay conditions, L7G was not altered after transport indicating that a GSH conjugate was not formed. A multisite model for AtABCC2 has been proposed that includes semi-autonomous transport pathways and distinct binding sites 33 . GSH has been shown to stimulate the uptake of β-estradiol 17-(β-D-glucuronide) (E 2 17βG), but E 2 17βG did not promote GSH transport. Given the similarities, it is possible that the transport of L7G may occur through the same site on AtABCC2 as E 2 17βG.
While we could demonstrate that ABCC2 expressed in yeast was capable of C3G and GSH cotransport, we did not see a difference in transport rates or inhibitor sensitivities between vacuolar membrane-enriched vesicles isolated from wild-type or atabcc2 mutants (see Supplementary Fig. S2 ). In addition, knock-out mutants of AtABCC2 did not show any flavonoid-related phenotypes 58 and AtABCC2 expression is not influenced by regulators of anthocyanin formation in Arabidopsis 52 . Therefore, it is possible that in addition to AtABCC2, other transporters (e.g. ABCC and/or MATE transporters) are also involved in the vacuolar uptake of flavonoids including anthocyanins.
GSH stimulation of C3G transport by yeast vesicles expressing AtABCC2 was not replicated in Arabidopsis vacuolar membrane-enriched vesicles. It is possible that endogenous factors modulating the activity of C3G uptake by ABCC transporters co-purify with the isolated vacuolar membrane-enriched vesicles. These factors would be absent in the yeast used as a heterologous expression system for AtABCC2. The addition of GSH might then substitute for the missing factors in yeast. One possible factor might involve the membrane bound immunophilin-like protein TWISTED DWARF1 (TWD1). TWD1 has been shown to interact with both AtABCC1 and 2 and modulate the activity of organic anion transport by isolated vacuoles in a manner similar to that observed for both glutathione conjugates and GSH 59 .
Though there is now evidence that the uptake of anthocyanins by at least two plant ABCC transporters (i.e. AtABCC2 and VvABCC1; 27.2% sequence identity at the amino acid level) can be enhanced by the presence of GSH, the transport mechanism at the protein level has not been explored until now. As indicated by the molecular Scientific RepoRts | (2019) 9:437 | https://doi.org/10.1038/s41598-018-37504-8 modeling analysis of AtABCC2 and supported by mutagenesis studies, the central cavity in the membrane part of the transporter contains the C3G and GSH binding sites in close proximity to each other. Mutants of residues from these ligand binding sites show variable degrees of impairment in transport activity and GSH activation; coupling between ATP hydrolysis and transport activity in all the mutants is not significantly affected, though slightly lower. Mutations of R426 and E357 residues at the binding sites boundary reduce transport activity significantly (R426, 19% of the wild-type activity) or completely (E357). They are probably residues important for coordinating and organizing the ligand binding as they can interact with either ligand as well as with each other, with E357 playing a more critical role. Single-site mutations in residues that interact only with one of the ligands (R567 and E1148 for C3G or Y360 and K309 for GSH), decrease transport activity by 30 to 60% of the wild-type, indicating that there is no particular residue essential for ligand binding and that ligand recognition is distributed among the residues forming the binding site. Nevertheless, the larger side-chain residues do seem more important probably because they impose steric constraints besides providing hydrogen-bond interactions to ligand binding. E1148, which comes from the C-terminus half of the transporter, is predicted to make hydrogen bonds with two hydroxyl groups in the glucosyl moiety of C3G, however its mutation still retains 33% of wild-type C3G uptake activity. Most residues in the C3G and GSH binding sites belong to the N-terminus half domain; C-domain residues may move in and out of the ligand binding site in response to ATP hydrolysis. Thus, E1148 may not be involved in the initial binding of C3G to AtABCC2, explaining the modest effect its mutation has on transport activity. In AtABCC2, K309 and Y360 in the GSH binding site are more than 8 Å away from where C3G putatively binds, however their mutations affect C3G uptake even when GSH is absent. This coupled with the proximity of the C3G and GSH binding sites, and with the finding that mutants in the C3G binding site (R567A and E1148A) impair GSH transport activation, suggest that C3G and GSH are not independently recognized, rather C3G and GSH influence each other's binding. Whether this is the case for other GSH-dependent ABC transporters remains to be established. In the crystal structure of a GSH-binding ABC transporter, Atm1 60 , the GSH binding site is located similarly as in the AtABCC2 model, close to the inner membrane surface in the cavity, but the amino acids involved in GSH binding (R280, R284, S394, and D398) are not conserved in AtABCC2. This suggests that while the recognition of GSH may vary, the mechanism by which GSH enhances transport of substrates in ABC transporters may be more general.
In conclusion, we suggest that AtABCC2 along with possibly other ABCC proteins and MATE transporters is involved in the vacuolar transport of anthocyanins and other flavonoids in the vegetative tissue of Arabidopsis. The identification of an ABCC transporter in Arabidopsis that is capable of the in vitro anthocyanin transport and the wealth of genetic resources available for this model organism should allow for a more complete investigation of the role of ABCC transporters, GSH, GST (TT19), TWD1, and possible ABCC/MATE protein-protein interactions in the vacuolar sequestration of anthocyanins. In addition, through molecular modeling analysis, site-directed mutagenesis, and functional transport studies of AtABCC2, we suggest that the C3G and GSH binding sites are in the central cavity of the membrane localized portion of the transporter and are in close proximity to one another such that ligand binding is coordinated. These studies also allowed us to identify amino acid residues important for ligand recognition and transport activity. Understanding the mechanistic details of GSH transport activation and substrate recognition in AtABCC2 will provide essential insights into the functional versatility of ABC transporters. 
Materials and Methods
Chemicals.
Arabidopsis Cell Cultures and Preparation of Vacuolar Membrane-enriched Vesicles. Arabidopsis
cell cultures were initiated and maintained as described by Vaca et al. 14 . Vacuolar membrane-enriched vesicles from Arabidopsis cell suspension cultures were prepared through differential and density gradient centrifugation as described by Rea et al. 61 Heterologous expression of AtABCC1 and AtABCC2 in Saccharomyces cerevisiae. The S. cerevisiae ycf1Δ strain DTY168 (MATα his6 leu2-3,-112, ura 3-52 ycf1::hisG), the yeast-Escherichia coli shuttle vector designated pYES3, and the constructs pYES3-AtABCC1 (formally pYES3-AtMRP1) and pYES3-AtABCC2 (formally pYES3-AtMRP2) were obtained from Dr. Philip A. Rea (University of Pennsylvania) 31, 32 . For the studies involving site-directed mutagenesis, pYES3-AtABCC2 was further modified to have an octa-histidine tag at the N terminus: MGSSHHHHHHHHSSGLVPRGSH. For t hi s A TG GGCAGCAGCCATCACCATCACCATCACCA TCATCACCATAGCAGCGGTCTGGTTCCGCGTGGTAGCCAT along with 693 bp of the 5′ end of AtABCC2 DNA 32 was commercially synthesized (GenScript, Piscataway, NJ). Both the synthesized DNA and the plasmid were cut and ligated with the NcoI and SphI restriction endonucleases. To generate mutant proteins, site-directed mutagenesis was performed on the plasmid constructs of the wild-type protein 63 . All DNA constructs were verified by sequencing. The yeast strain DTY168 was transformed with vectors by the LiOAc/polyethylene glycol method 64 , and selected for uracil prototrophy on AHC media 65 supplemented with tryptophan (32 µM).
preparation of yeast membrane vesicles. The preparation of yeast membrane vesicles for in vitro uptake
experiments was performed essentially as describe previously 65 . After disruption in a 50-mL glass dounce homogenizer, the cell debris was removed by centrifugation at 4000 g for 10 min. The resulting pellet was resuspended in 10 mL of homogenization buffer, disrupted in a dounce homogenizer and centrifuged as described above. The two supernatants were pooled and centrifuged at 100,000 g for 45 min. The pellet was resuspended in 1.3 mL buffer (1.1 M glycerol, 1 mM Tris-EGTA, 2 mM DTT, 50 mM Tris-MES [pH 7.4], 1 µg/mL leupeptin) to an A 600 of approximately 4.0 and stored in liquid nitrogen for no more than 24 h before they were used for uptake assays. The protein concentration was estimated by the method of Bradford 62 using BSA as a protein standard. transport assays. Measurement of flavonoid uptake into Arabidopsis vacuolar membrane-enriched vesicles and yeast membrane vesicles was performed essentially as described by Li et al. 34 Western blot analysis. Membrane vesicles from Arabidopsis cell cultures were collected from the interface of each of the three step gradients described by Rea and Turner 36 . Primary antibodies against the V-ATPase (vacuolar marker), H + -ATPase (plasma membrane marker), and BiP luminal-binding protein (endoplasmic reticulum marker) were obtained from Agrisera (Vännäs, Sweden) and western blot analysis was conducted as described by Vaca et al. 14 . Relative pixel intensities were determined with the Image Studio operating software of the Li-Cor Odyssey Fc imager (Lincoln, NE). Western blot analysis for His-tagged wild-type and mutant AtABCC2 proteins expressed in yeast was performed with RGS-His HRP Conjugate according to the manufacturer's instructions (Qiagen, Germantown, MD). As expression level of wild-type and mutant AtABCC2 proteins varied, the transport activity was normalized. To determine the relative expression of AtABCC2 proteins, yeast cells were cultured as described in the "Preparation of yeast membrane vesicles" section, and cell pellets were processed as described by Zhang et al. 70 . In short, for each AtABCC2 protein the cell pellet corresponding to 10 O.D. units (one O.D. unit defined as 1 ml of cell culture at OD 600nm 1.0) was resuspended in 1 ml of 2 M Lithium Acetate, incubated on ice for 5 minutes, recollected by centrifugation, resupended in 0.5 ml water, combined with 0.5 ml 0.8 M NaOH, incubated on ice for 5 minutes, and recollected by centrifugation. This final pellet was resuspended in 30 µl water and combined with 100 µl 2X SDS-PAGE sample buffer. The SDS-PAGE gel (10% polyacrylamide) was loaded with 15 µl sample/lane and used for Western blot analysis. Quantification of the bands in the Western blot was performed with ImageJ 71 .
Computational modeling of the C3G, L7G and GSH binding sites in an AtABCC2 homology model. The AtABCC2 3D structure is unknown, so AtABCC2 homologues with available 3D structures were identified with a BLAST search against the PDB database. PDB ID 5UAK, 5W81, 5WUA and 6BHU were used to generate homology models for AtABCC2 with Molecular Operating Environment (MOE) software (https://www. chemcomp.com). The C3G, L7G and GSH binding sites in the AtABCC2 models were determined with MOE SiteFinder and Dock functions, using a set of possible C3G, L7G and GSH conformations generated with MOE Conformation Search function. The virtual docking of C3G, L7G and GSH in the AtABCC2 homology models was carried out with Triangle Matcher parameters retaining 100 poses and London dG rescoring. Identified
binding sites for CG3, L7G and GSH were evaluated based on physicochemical properties of residues interacting with CG3, L7G and GSH.
